EXECUTIVE SUMMARY
Glass waste forms are being considered for immobilization of the Na-bearing high activity waste fractions and the calcined alumina high-level wastes that are stored at the Idaho Chemical Processing Plant (ICPP). Candidate experimental glasses were synthesized by crucible melting a mixture of reagent chemicals representative of the Na-bearing wastes, pilot plant alumina calcine, and frit additives at 1200 or 1600°C for 2-5 hours followed by air cooling of the melt. The glass waste forms for immobilization of the Na-bearing-wastes and the alumina calcine consisted of 35 and 50 wt% Na-Direct Vitrification high activity waste (Na-Dir.Vit-HAW), 35 wt% Na-freeze crystallization high activity waste (Na-FC-HAW), 35 wt ?! Na-precipitation high activity waste (Na-PPT-HAW), and 20-35 wt% Na-Alumina waste. In general, the frit consisted of 88 wt% SO,, and 12 wt% B,O,. The wt% of alumina and Na-bearing were 57 and 43 wt%, respectively. The characteristics of the waste forms including density, elastic properties, viscosity, electrical resistivity, chemical durability, structural parameters, and phase separation were investigated. The measured densities ranged between 2.5 and 2.7 gkm'. The measured elastic moduli for the Na-Dir.Vit-HAW and Na-PPT glasses were 10.0 million and 10.6 million psi, respectively. These elastic moduli suggest that the glass samples are of similar strength and of similar thermal expansion coefficient to quartz.
The estimated viscosities for Na-Dir.Vit-HAW, Na-PPT-HAW, and the Savannah River benchmark glasses are all less than 100 poise at 1400°C. For Na-FC-HAW and Na-Alumina glasses, the viscosities are high. In-can melting appears appropriate for these high viscosity alumino-silicate glasses. The estimated electrical resistivities are similar to that of the Savannah River benchmark glass. The 28-day MCC-1 total mass loss rates and the normalized elemental leach rates for aluminum, boron, calcium, cadmium, chromium, cesium, potassium, silicon, sodium, strontium, and zirconium are all low and less than 1 g/m2-day. For the 20 wt% Na-Alumina glass the role of A13+ ion in octahedral coordination appears to that of glass modifier.
For the Na-FC-HAW, Na-Dir.Vit-HAW, and Na-PPT-HAW glasses, the role of A13+ in tetrahedral coordination is that of glass former. The percent of tetrahedra ranged between 78 and 94% for the glasses investigated indicating that these glasses are durable, The number of corners shared per tetrahedra ranged between 3.2 and 3.9 for the glasses suggesting that these glasses are good (extended three-dimensional networks lacking periodicity according to the Zachariasen rule No. 4). Glass phase separation was not observed in any of the Na-bearing glasses investigated. In general, a glass without any phase separation is expected to be a durable glass. Even if some phase separation occurs, the glass may still be durable provided that the separated phases are durable. Because of the refractory components in the waste, it is a challenge to prepare low viscosity glasses. Optimization of the melt viscosity appears to be a challenge for the glass waste form processing. Corrosion of glass melter components is also an important concern. Further research and development is to be continued for glass transition temperatures, temperature time transition (TTT) diagrams, and radiation effects.
INTRODUCTION
Since 1963, the high level liquid waste (HLLW) from nuclear fuel reprocessing has been calcined into solid granules and stored onsite at the Idaho Chemical Processing Plant (ICPP). Thus, different types of calcines including fluorinel-sodium (Fl/Na) blend, alumina, zirconia, zirconia-sodium (Zr/Na) blend and other calcines have been produced. In addition, as a result of process operations and decontamination activities a t the ICPP, about 1.5 million gallons of radioactive liquid Na-bearing waste were accumulated and stored in stainless-steel tanks contained in concrete vaults. Disposal of the Na-bearing wastes is one of the priority issues at the ICPP. Final disposal of the Na-bearing and the calcined wastes in a geologic repository requires further consolidation of the wastes into a solid durable waste form. Glass or glass-ceramic'-'o waste forms are being considered for immobilization of the ICPP Na-bearing and calcined wastes. Several technologies have been identified for processing of the Na-bearing waste into Na-rich low activity waste (LAW) and high activity waste (HAW) containing actinides, fission products, and hazardous components." 1) direct vitrification (Na-Dir.Vit-HAW), 2) Na-bearing high activity waste freeze crystallization (Na-FC-HAW); a process that uses the ability of ice crystals to reject salt to separate a solution into a salt rich and salt depleted stream, 3) Na-bearing precipitation high activity waste (Na-PPT-HAW); a process which uses the properties of certain components to be included in a solid phase formed from solution upon cooling or chemical addition, 4) separation of transuranium elements (Na-TRU-HAW); actinide separation through solvent extraction which is a process using counter-current aqueous and organic streams and changes in chemical conditions to selectively force a component into the organic phase and then to recover the component in an aqueous phase, and 5 ) blending of alumina calcine and the Na-bearing waste. In addition, four LAW streams are also identified as a result of denitrieing and solidifying the low active products from processing of the Na-bearing wastes 2) through 4) above. The compositions of the Na-bearing liquid waste streams are presented in Table 1 . Simulated non-radioactive Na-bearing glasses were synthesized using reagent chemicals and the pilot plant alumina calcine (representative of the hot calcine in bin set l), and characterized for density, elastic properties, chemical durability, glass structure, and phase separation. Temperature dependence of viscosities and electrical resistivities are modelled'2 in the GlassForm computer spread sheet ~rogram.'~.'~ The formulation, processing, and glass waste form characteristics are discussed in this report.
The processes identified for HAW are: 
EXPERIMENTAL PROCEDURE, RESULTS, AND DISCUSSION

Formulation
The waste loading and frit (glass forming additives) composition were estimated using the GlassForm spread sheet computer
The spread ~h e e t '~ uses: 1) weight percent of the waste stream, calcine or waste; 2) frit composition in wt%; 3) assumed or estimated amount of components in the glass and crystalline phases in wt%; 4) the free energy of hydration (kcal/mole) for the components in the glass phase; 5 ) weighted component density; 6) model for glass melt viscosity; and 7) model for electrical resistivity of the glass melt. The program calculates the desired glass quality ratios, 28-day Si leach rate in g/m2-day, the waste form density in g/cm3, the glass melt viscosity in poise, and the glass melt resistivity in ohm-cm. The glass quality ratios include: 1) ALKALI/B,O,, 2) Silica/(B,O,+ALKALI), 3) SilicalTotal Amorphous, an d 6) (N~O+K,0+CaO)/(Al,03+Fe203+B,0,). These ratios and desired ranges for glass waste forms are presented in Tables 2-5. The range of waste loading for each waste form was selected based on the number of ratios that lie in the desired range, and the 28-day MCC-1 silicon leach rate (4 g/m2-day). The solid waste loadings, glass densities, and frit compositions are presented in Table 6 . The predicted solid waste loadings ranged between 20 and 50 wt%. The frit (glass forming additives) consisted of 88 wt% SiO, and 12 wt% B203 for the Na-Dir.Vit-HAW, Na-FC-HAW and Na-Alumina glasses. For the Na-PFT-HAW glass, the frit composition was 84 wt% SiO, and 16 wt% B203. The frit compositions suggest that essentially the same frit (88 wt% SiO,, 12 wt% B,O,) can be used for all the Na-bearing waste streams that are synthesized and discussed in this report. Nominal oxide and fluoride compositions predicted by the GlassForm program are presented in Table 7 . It appears that the compositions are typical of sodium-alumino-boro-silicate glasses. The inerts, such as Al,O,, ZrO,, CaO, and Cr203, contribute positive free energies of hydration toward high chemical durability.
Svnthesis of Glass Waste Forms and Characterization
4) (A1 um in a+S i 1 i ca)/Amo rp hous, 5 ) A1 um ina/Amo rp hous, The Na-bearing glasses were prepared by melting a 50 gram batch of the formulation (a mixture of reagent chemicals simulating Na-bearing waste and frit, or a blend of 57 wt% alumina calcine and 43 wt% of simulated Na-bearing waste) in an alumina crucible at 1200°C or 1600°C for 2-5 hours followed by air cooling in an insulated large crucible. The glass processing conditions are presented in Table 8 . An ingot of clear Na-Alumina glass is shown in Figure 1 . Monolith samples for density and leach testing were prepared. Samples for elastic moduli measurements for the waste form strength, SEM/EDS examination for any devitrification and for glass composition, and TEM samples for glass phase separation study were also prepared. The glasses were characterized for density, elastic properties, chemical durability, structural parameters, glass phases, and phase separation. Characterization techniques include density measurements using helium gas displacement pycnometry, 28-day MCC-1 leach test at 90°C in deionized water", chemical analyses of leachates using inductively coupled plasma (ICP) and 
Densitv
The densities of the glass waste forms were measured using a gas displacement pycnometer and also estimated using the weighted average densities of the component oxides in each waste stream. The measured densities ranged between 2.5 and 2.7 g/cm3.
Elastic Moduli
Elastic modulus (Young's Modulus) is an important property of a material. If the interatomic force and displacement are expressed in terms of stress and strain, the proportionality constant is called elastic modulus. It is related to the shear modulus and the Poisson's ratio as:
E=2G(1 +u)
where, E = Young's modulus, G = shear modulus, and u = Poisson's ratio. In general, the higher the elastic modulus, the lower the thermal expansion coeficient of the material. A bench top instrument (GrindoSonicO) was used to measure nondestructively the Young's modulus (E), shear modulus (G), and Poisson's ratio (u) of the glasses. The GrindoSonic@ instrument measures the longitudinal, flexural, and torsional frequencies of a solid bar or a disc after an impulse excitement. A microphone or a probe ''listens'' to the vibrations resulting from a simple tap, filters out the noise and harmonics, and displays the fundamental resonant frequency. Computer software calculates the sample density and the elastic properties using the sample frequencies, sample dimensions and the sample mass. The properties are calculated by the computer program after input of frequency, dimensions, and weight of the sample. The elastic moduli were measured for the Na-bearing the and Na-PPT glasses and the values are 10.0 million and 10.6 million psi, respectively. The strength of the material is also proportional to the elastic modulus. Typical room temperature values of the elastic modulus for quartz (SiO,) and diamond are 10 x lo6 and 114 x lo6 psi, respectively. The thermal expansion coefficient for quartz and diamond are 5.2 x cm/cm"C, respectively. These elastic moduli suggest that the glasses are of similar strength and of similar thermal expansion coefficient to that of quartz (SiO,).
and 1.2 x
Glass Viscosity
The viscosity of a glass as a function of temperature and waste loading is the most important variable affecting the melt rate and pourability of the glass. The viscosity also determines the rate of melting of the raw feed, the rate of glass bubble release, the rate of homogenization, and the quality of the glass. If the viscosity is too low, excessive convection currents can occur, increasing the corrosion of the melter components. The lowest viscosity allowed at the Defense Waste Processing Facility (DWPF), Savannah River Site was 20 poise.12
Glasses with viscosities >500 poise do not readily pour. High viscosity can reduce the product quality by causing voids in the final glass. A conservative viscosity range of 20 to 100 poise at a melt temperature of 1150°C has been established at DWPF.'* The viscosities of the glasses discussed in this report are estimated using the composition, waste loading, and melt (test) temperature. The estimated viscosities are compared in Table 9 with the Savannah River benchmark glass at 35 wt?! loading. Also presented is the composition and the calculated electrical resistivity of the glass waste forms. 16 The viscosities for Na-Dir.Vit-HAW, Na-PPT-HAW and the Savannah River glasses are all less than the limit of 100 poise for a pourable glass at 1400°C. For the Na-FC-HAW and the Na-Alumina glasses, the viscosities are high. In-can melting appears appropriate for these high viscosity alumino-silicate glasses. In this process, a canister is heated directly while the glass formulation is fed to the canister. Since the canister itself acts as a melter, the glass is never poured and the viscosity must only be low enough to allow escape of gases and to promote adequate mixing. In addition, each canister acts as a new melter, so, long-term corrosion by the glass may not be a problem. However, the canister must only withstand corrosion incurred during the heating and hydraulic pressure of the molten glass. Fluorides and mercury are known to cause corrosion of the glass melter. Because of low concentrations of CaF, and Hg, glass melter corrosion may not be expected. Because of the refractory components in the waste, lowering glass viscosity will be difficult. Optimization of the melt viscosity to obtain acceptable reactivity and corrosive properties is required. 
Electrical Resistivity
The electrical resistivity is important to startup and/or restart of Joule-heated electric melters." At high temperatures the electrical resistivity will be low, and thus glasses conduct electricity. The resistivities of Na-Dir.Vit-HAW, Na-PPT-HAW, and the benchmark Savannah River glass presented in Table 9 are all low (high conductivity) at 1400°C. Limits were not set for the benchmark Savannah River glasses.
28-day MCC-1 Leach Rates
The 28-day MCC-1 total mass loss rates (TMLR), and normalized elemental leach rates with surface/volume ratio of 10 me', are presented in Table 10 for the Na-bearing glasses. The TMLRs for all the waste forms are low and less than 1 g/m2-day. Except for Cr in Na-FC-HAW and Na in Na-PPT-HAW, the normalized elemental leach rates are also low and less than 1 g/m2-day. As the waste loading was increased from 35 to 50 e?, the leach rates increased in the Na-Dir.Vit-HAW glasses, but they are all less than 1 g/m2-day. For the Na-Alumina glass, the normalized elemental leach rates for Cd, Cr, Cs, and K are at a level of the blank leach samples. The normalized elemental leach rates in Na-Alumina glasses are significantly lower than the other Na-bearing glasses. As the temperature increased from 1200 to 1600"C, the leach rates appear to decrease.
Glass ComDosition
The glass compositions for the waste forms were estimated from SEM/EDS data as presented in Tables 11 and 12 . The sum of the d h s of N%O, K 2 0 and CaO is less than 25 wt% for all the glasses suggesting that these glasses are chemically durable. The low leach rates are attributed to the high silica content of 53.4-82.8 wt?! as shown in Table 11 . This is consistent with the calculated bridging oxygens (BOs) of 1.65, 1.75, 1.90, 1.95 and 2.0 for the Synthesized at 1200°C for 2-4 hours. The leach rates are less than or equal to the blank sample. Synthesized at 1600°C for 2 hours. Boron concentration was not measured using SEMEDS, but assumed to be equal to the amount in the fiit. Table 13 . For the 20 wt?A Na-Alumian glass the ratio was 1.40. Thus the role played by AI3+ ion in these glasses is that of modifier in octahedral coordination. For the Na-FC-HAW, Na-Dir.Vit-HAW, and Na-PPT-HAW glasses the ratios are 0.87, 0.40 or 0.36 and 0.10, respectively, suggesting that AI3+ plays a glass former role in tetrahedral coordination. The percent of tetrahedra ranged between 78 and 94% for the glasses for which the ratio [AI,O,]/[N+O] is < 1, indicating good durability. The number of corners shared per tetrahedra ranged between 3.2 and 3.9 for the glasses (see Table 13 ), suggesting that these glasses are good (extended three-dimensional networks lacking periodicity according to the Zachariasen rule No. 4). The glass composition in terms of the ternary phase diagrams for N+0-A1,03-Si0, and NqO-B,O,-SiO, are presented in Table 12 and shown in Figures 2 and 3 along with the component melting In general, the glass compositions lie near the stable components (see Figure 2) for SiO, (cristobalite), NqO.ZSi0, and N+0.A1,0,.6SiO2 (albite). The compositions for the significantly most durable Na-Alumina glasses lie near SiO, (cristobalite). The 50 wt !!? Na-Dir.Vit glass (sample 4 in Figure 2 ) lies below the albite composition because of the high soda content, As shown in Figure 3 in the N%O-B,O,-SiO, diagram, the glass components also lie in the high silica region of the ternary diagram.
A low temperature component called reedmergnerite,' (N%O.B,O3.6SiO,) similar to albite (melting at 11 18"C), is likely to be formed at 821°C. The substitution of B,O, for Al,O, in N+O.A1,O3.6Si0, results in NqO.B20,.6SiO,; and as a result, the melting point is lowered from 1118 to 821°C. Comparison of these component diagrams (Figures 2 and 3) suggests that A1203 and B203 play the same role of linked network structure of tetrahedra which appears to be consistent with the estimated tetrahedra ---
8.
Glass structural analysis suggests that tetrahedral or octahedral networks are linked at least greater than three comers, suggesting increased chemical durability. The low normalized elemental leach rates are consistent with the structural analysis.
9.
The inerts such as A1,0,, ZrO,, CaO, and Cr,O, contribute positive free energies of hydration toward high chemical durability.
10.
The glasses appear to be very good candidates for immobilization of the Na-bearing wastes and a blend of Na-bearing waste and the high-level alumina calcined waste.
11.
Because of the refractory components in the waste, lowering glass viscosity will be difficult. Optimization of the melt viscosity to obtain acceptable reactivity and corrosive properties is required.
12.
Further research and development should be continued to measure glass transition temperatures, TTT diagrams and radiation effects, and to measure visocity and electrical resistivity to validate computer models.
